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Abstract We investigate experimentally how controlled freeplay nonlinearity aﬀects harvesting
energy from a wing-based piezoaeroelastic energy harvesting system. This system consisits of a rigid
airfoil which is supported by a nonlinear torsional spring (freeplay) in the pitch degree of freedom
and a linear ﬂexural spring in the plunge degree of freedom. By attaching a piezoelectric material
(PSI-5A4E) to the plunge degree of freedom, we can convert aeroelastic vibrations to electrical energy.
The focus of this study is placed on the eﬀects of the freeplay nonlinearity gap on the behavior of the
harvester in terms of cut-in speed and level of harvested power. Although the freeplay nonlinearity
may result in subcritical Hopf bifurcations (catastrophic for real aircrafts), harvesting energy at low
wind speeds is beneﬁcial for designing piezoaeroelastic systems. It is demonstrated that increasing
the freeplay nonlinearity gap can decrease the cut-in speed through a subcritical instability and gives
the possibility to harvest energy at low wind speeds. The results also demonstrate that an optimum
value of the load resistance exists, at which the level of the harvested power is maximized. c© 2013
The Chinese Society of Theoretical and Applied Mechanics. [doi:10.1063/2.1304101]
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Harvesting energy from ambient1–5 and
aeroelastic6–17 vibrations has been proposed to
develop self-powered sensors18 and actuators or to
power microelectromechanical systems.19,20 One such
system is based on ﬂutter and ensuing limit-cycle
oscillations of wing sections. Bryant and Garcia6
showed theoretically and experimentally that we can
gather energy from aeroelastic vibrations by attaching
an airfoil section to a cantilever. After theoretical
and experimental studies, Erturk et al.8 conﬁrmed
the eﬀect of piezoelectric power generation on the
linear ﬂutter speed. Abdelkeﬁ et al.9–11 investigated
theoretically the nonlinear behavior of wing-based
piezoaeroelastic energy harvesters with the objective of
designing enhanced harvesters that can generate energy
at low wind speeds under supercritical Hopf bifurcation
conditions. They used cubic representations for the
torsional, ﬂexural, and aerodynamic nonlinearities.
Nonlinearities associated with the aeroelastic re-
sponse of wings have structural and aerodynamic
sources. Of the structural sources, freeplay nonlinear-
ity, usually associated with moving surfaces, is quite
common. It can come up from loose attachments and
worn hinges after ﬂying long time. The combination of
aerodynamic and structural nonlinearities can vary the
system’s response and change its instability from super-
critical to subcritical and induce limit-cycle oscillations
(LCOs) at wind speeds below the linear ﬂutter speed ob-
tained in Refs. 21–24. This behavior can result in catas-
trophic damages in real aircraft. However, harvesting
energy at low wind speeds can be beneﬁcial for design-
ing piezoaeroelastic systems. Sousa et al.25 presented
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modeling and experiments of wing-based piezoaeroe-
lastic energy harvesters having combined nonlinearities
(freeplay and cubic) in the nonlinear torsional spring.
Eﬀects of varying the freeplay nonlinearity gap at
the cut-in speed and the level of harvested power of
a wing-based piezoaeroelastic energy harvester are con-
sidered in this work. To this end, power harvesting from
a rigid airfoil section supported by linear ﬂexural spring
in the plunge motion and nonlinear torsional spring in
the pitch motion with a piezoelectric coupling attached
to the plunge degree of freedom is experimentally in-
vestigated. We use a piezoelectric material (PSI-5A4E)
that is bonded by two in-plane electrodes with negligible
thickness and connected to an electrical load resistance.
Four diﬀerent freeplay nonlinearity gaps in the pitch
degree of freedom are considered in order to investigate
their eﬀects on the eﬃciency of the harvester in terms
of cut-in speed and harvested power.
The experiments were conducted in an open-circuit
wind tunnel having a 520mm × 515 mm test section and
with a minimum wind speed of 8.5m/s. Figures 1 and 2
show the experimental setup used to study the eﬀects of
the gap of the freeplay nonlinearity on the performance
of a wind-based piezoaeroelastic energy harvester. This
experimental setup was previously used by Abdelkeﬁ et
al.26 for aeroelastic purposes (identiﬁcation of concen-
trated nonlinearity in the pitch degree of freedom). The
aim of attaching piezoelectric material to the plunge de-
gree of freedom, as shown in Fig. 2, is to convert aeroe-
lastic oscillations to electrical power. The rigid airfoil
consists of an aluminum rigid wing mounted vertically
at the 1/4 chord point from the leading edge by using an
aluminum shaft. The shaft is connected with bearings
to the support of the plunge mechanism, which is a bi-
cantilever beam made of two steel leaf springs (as shown
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Fig. 1. Experimental setup showing a rigid airfoil in a wind
tunnel.
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Fig. 2. Placement of the piezoelectric material in the plunge
mechanism.
in Fig. 2). We insert the steel leaf torsional spring into a
slot in the main shaft at the bottom of the wing section,
and place the free end of the leaf spring into a support
that allows for freeplay variations. A schematic of the
pitch freeplay mechanism is presented in Fig. 3. An
encoder and an accelerometer were used to measure the
rotational and plunge motions, respectively.
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Fig. 3. A schematic of the pitch freeplay mechanism.
To determine the linear ﬂutter speed of the
piezoaeroelastic system, the support of the freeplay was
closed (zero gap) and initial displacements were applied
in the plunge degree of freedom. We noted that, below
the speed of 10.9 m/s, all disturbances were damped.
Furthermore, LCOs were observed at higher speeds. As
such, the linear ﬂutter speed of the piezoaeroelastic sys-
tem was determined to be 10.9 m/s. This methodology
was repeated for diﬀerent values of the electrical load
resistance. It was determined that the electrical load
resistance does not aﬀect the linear ﬂutter speed of the
harvester. This is expected because the resistive shunt
damping27 of the electrical part is negligible compared
to the pitch and plunge damping.
To study how the freeplay nonlinearity gap in the
pitch degree of freedom aﬀects the cut-in speed and the
performance of the harvester, we consider four diﬀerent
freeplay gaps, which include a very small gap, ∼0 cm,
0.205 cm, 0.440 cm, and 0.635 cm. Sweep experiments
whereby the wind speed was varied between 8.5m/s
and 12.5m/s were performed. The plotted curves in
Figs. 4 and 5 show the bifurcation diagram curves of the
RMS generated voltage and RMS pitch angle for diﬀer-
ent freeplay gaps and when the electrical load resistance
is set equal to 104 Ω when increasing and decreasing the
wind speed. The plots show bifurcation diagram curves
of the average harvested power and RMS plunge ampli-
tude that have the same tendency as the RMS gener-
ated voltage curves. Inspecting these curves, we note
that when increasing the wind speed from 8.5 m/s to
12.5 m/s, the wing starts to oscillate, for all considered
freeplay gaps, at a wind speed of 10.9m/s which is the
linear ﬂutter speed. On the other hand, when decreas-
ing the wind speed from 12.5m/s to 8.5m/s, limit-cycle
oscillations are observed at speeds that are lower than
the linear ﬂutter speed. This is expected because of the
freeplay nonlinearity. Furthermore, we note that in-
creasing the freeplay gap is accompanied by a decrease
in the cut-in speed. In fact, when the freeplay gap is
very small (≈ 0), no oscillations were observed below
the linear ﬂutter speed. The cut-in speed is reduced
to 10.5m/s, 9.55m/s, and less than 8.5m/s when the
freeplay gap is set to 0.205 cm, 0.440 cm, and 0.635 cm,
respectively.
In contrast to the clear relation between the magni-
tude of the freeplay nonlinearity and the extent of the
region of subcritical instability, the eﬀects of the magni-
tude of the freeplay nonlinearity on the harvested power
in the region above the linear ﬂutter speed are more
complex. For wind speed values higher than 10.9m/s,
the generated voltage is the lowest when freeplay gap
(0.635 cm) is the largest of the considered four conﬁg-
urations. This is expected because this gap yields the
smallest values of the plunge amplitudes and high val-
ues of the pitch angle that are associated with the larger
freeplay gap. For wind speed values higher than 9.5m/s,
the conﬁguration with freeplay gap of 0.440 cm gives the
highest generated voltage and hence the levels of the
harvested power are more important. This holds true
for the subcritical region between 9.5m/s and 10.9m/s.
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Fig. 4. Variation of the root mean square (RMS) generated
voltage with increasing and decreasing wind speeds for dif-
ferent freeplay gaps when the electrical load resistance is set
equal to 104 Ω.
8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0 12.5
0
2
4
6
8
10
 
 
d ≈ 0 cm
d = 0.205 cm (increasing)
d = 0.205 cm (decreasing)
d = 0.440 cm (increasing)
d = 0.440 cm (decreasing)
d = 0.635 cm (increasing)
d = 0.635 cm (decreasing)
U / (m s  ).
-1
α
/(
 )
rm
s
Fig. 5. Variation of the root mean square (RMS) pitch an-
gle with increasing and decreasing wind speeds for diﬀerent
freeplay gaps when the electrical load resistance is set equal
to 104 Ω.
To generate energy at the lower wind speeds, one needs
to increase the freeplay gap to 0.635 cm. This shows
a complex relation between the operating wind speeds,
the placement of the harvester, and the choice of the
freeplay gap to determine the best performance.
Next, we investigate how the electrical load re-
sistance aﬀects the performance of the harvester for
two diﬀerent wind speeds, namely, U = 11.42m/s and
U = 12.59m/s, and when the freeplay gap is set equal
to 0.205 cm, as shown in Figs. 6 and 7. Similar results
were obtained for other freeplay gaps. These ﬁgures
are plotted for the RMS generated voltage and average
harvested power which is calculated according to
Pavg =
V 2rms
R
. (1)
It follows from Fig. 6 that the generated voltage
increases when the electrical load resistance is increased.
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Fig. 6. Variations of the RMS generated voltage as a func-
tion of the electrical load resistance for two diﬀerent wind
speeds and when the freeplay gap is set equal to 0.205 cm.
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Fig. 7. Variations of the average harvested power as a func-
tion of the electrical load resistance for two diﬀerent wind
speeds and when the freeplay gap is set equal to 0.205 cm.
This result is true for both considered wind speeds. For
high values of the electrical load resistance (R > 106 Ω),
the generated voltage stabilizes. Inspecting the plotted
curves in Fig. 7, we note that an optimum value exists
for the electrical load resistance at which the average
harvested power is maximized for both wind speeds.
This optimum value of the electrical load resistance is
near 106 Ω.
In summary, in this paper, we investigated experi-
mentally the eﬀects of varying the freeplay nonlinearity
gap on the cut-in speed and the level of harvested power
of a wing-based piezoaeroelastic energy harvester. The
results showed that the right choice of the freeplay gap
and the electrical load resistance must be made to en-
hance the performance of wing-based piezoaeroelastic
energy harvesters for speciﬁc wind speeds.
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